-\ F, recipient mice were injected fntraperitoneally 
with the NK1.1 monodonal antibody PK136 to 
inhibit Hh barrier rejection {9), Bone marrow of 
either female BALB/c or C57BU6 mice was de< 
pleted of T cells with monoclonal antibody (mAb) 
J1j (antj-Thy-1). mAb C3P0 (anli<;D2). mAb 
RL172 (anti-CD4). and mAb 3.155 (antl-CDB). 
Approximately 2 x \(fi to A x bone marrow 
cells were injected into recipient mice. Four 
months after the bone marrow reconstJtution, one 
mouse from each of the two bone marrow corv 
structs was killed. Splenocytes were stained for 
MHC class II molecules l-B* and l-A^ with mAb 
14.4.4 (immunoglobulin G2a (igG2a)] and mAb 
Y-3P (lgG2a), respectively, to confirm complete 
reconslltution with dorror kDone marrow. The 
CT26-NP cell line was produced by infection of 
CT26 with ia Moloney-t^ased defective recombi- 
nant retrovims. provided by E. Giiboa [J. V. Fet- 
ten. N. Roy, E. Giiboa. J. Immunol, 147. 2697 
(1991)1. containing the NP gene from the PR8 
influenza strain and a neomycin-reslstance gene, 
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pg/ml) or NP(366 -374) peptide (50 pg/ml) . After 
4-hour incubation of the cell mixture at 37'C and 
in 5% COj, the media were harvested and 
counted on a gamma counter. 
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Cloning of a T Cell Growth Factor That Interacts 
with the ^ Chain of the interleukin-2 Receptor 

Kenneth H. Grabstein, June Eisennnan, Kurt Shanebeck, • 
Charles Rauch, Subhashini Srinivasan, Victor Fung, 
Courtney Beers, Jane Richardson, Michael A. Schoenborn, 
Minoo Ahdieh, Lisabeth Johnson, Mark R. Alderson, 
James D. Watson, Dirk M. Anderson, Judith G. Girl 

A cytokine was identified that stinnulated the prolfferation of T lymphocytes, and a com- 
piementary DN A clone encoding this new T cell growth factor was isolated. The cytokine, 
designated lnterleuidn-15 (IL-15), is produced by a wide variety of cells and tissues and 
shares many blologicaf properties with IL-2. Monoclonal antibodies to the p chain of the 
IL-2 receptor inhibited the biological activity of IL-1 5, and IL-15 competed for binding with 
IL-2, Indicating that IL-15 uses components of the IL-2 receptor. 



The proliferation and differentiation of T 
lymphocytes is regulated by cytokines that 
act in combination with signals induced by 
the engagement of the T cell antigen recep- 
tor. A principal cytokine used by T celb 
during immune responses is IL-2 (I), itself a 
product of activated T cells. IL-2 also stim- 
ulates a number of other cell types, includ- 
ing B cells, monocytes, lymphokine-acti- 
vated killer cells, natural killer cells, and 
glioma cells (2). IL-2 interacts with a spe- 
cific cell surface receptor (IL-2R) that con- 
tains at least three subunits, a, P, and 7 
(3). A number of other cytokines also 
stimulate the proliferation of .T cells, and 
recent evidence has suggested! that the re- 
ceptors for several of these cytokines in- 
clude the 7 chain of IL-2R (4) . We describe 
a cytokine whose biolpgical activity resem- 
bles that of IL-2 and which also uses com- 
ponents of IL-2R- 

In the course of testing supematants 
from a simian kidney epithelial cell line, 
CV-l/EBNA (5), for cytokine activity, it 
was discovered that these cells produced a 
soluble factor capable of supporting prolif- 
eration of die IL-2-dependent cell line, 
CTLL (6). The protein responsible for this 
biological activity was purified from serum- 
free supematants of CV-l/EBNA cells 
by a combination of hydrophobic interac- 
tion and anion-exchange chromatography, 
high-pressure liquid chromatography 
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(HPLC) , and SDS-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) (Fig. lA, bot- 
tom). Analysis of the biological activity in 
the final HPLC fractions (Fig. lA, top) and 
in horizontal slices of the SDS-PAGE ^»ol 
(Fig. IB) indicated that the activity coiii- 
cided with a band of approximately 14 to 15 
IcD. This protein was blotted to a polyvi- 
nylldene difluoride (PVDF) membrane, and 
the NH2-terminal residues were directly 
sequenced. We used degenerate oligonucle- 
otide primers on the basis of this amino acid 
sequence and the polymerase chain rcac- 
tion (PGR) to clone a 92-base pair (bp) 
complementary DNA (cDNA) fragment 
from mRNA of CV-l/EBNA cells. This 
cloned cDN A fragment was used to probe a 
plasmid library containing cDNA inserts 
prepared from mRNA of CV-l/EBNA cells. 
A frill-length cDNA clone was obtained that 
encodes a 162-amino acid precursor polypep- 
tide containing an unusually long 4S-amin(» 
acid leader sequence that is cleaved at the 
e3q)erimentally determined NHj-terminus tii 
form the mature protein. The amino acid 
sequence (Fig. IC) exhibits no similarity tti 
any protein in GenBank or EMBL databases. 
However, IL-15 and lL-2 sequences were* 
compared to determine if there might be 
structural similarities. The threc-dimensionui 
(3D) structure of lL-2 (7) consists of a fijur- 
heUx bundle, and IL-2 belongs to the helical 
cytokine family (8). Although the members 
of this family show no sequence similarity, 
they show many structural similarities, and 
IL-15 is no exception. The secondary stnic- 
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ruro prediction for IL-15 shows st^Hpiciicai 

moment for regions 1 to 17 and 94 to 1 12 and 
supports a four-helix bundle-like structure for 
this protein. Wc used the IL-2 srruccuic sis a 
template to build a 3D mtxlel of IL-15 with 
FOLDER, a distance geometry-based homol- 
ogy modeling package (9). The model sug- 
gests two disulfide cross-links one of which. 




Rg. 1. Purification and cloning of IL-15. (A) 
(lower panel) Silver-stained gel after SDS- 
PAGE of active fractions from the final HPLC of 
the IL-15 purification (77). Molecular sizes are 
indicated on the left (in kilodallons). (Upper 
panel) The activity of each HPLC fraction is 
graphed directly above the corresponding lane 
of the gel. (B) The activity eluled from each 
horizontal slice (of a similar get of the peak 
fraction) is depicted alongside the conrespond- 
ing position on the gel. (C) The deduced amino 
acid sequence of mature simian IL-15 (75) in a 
schematic representing Its predicted folding 
topology, with four helices (iDOxed sequences) 
In an up-up-down-down configuration, three 
loops connecting the helices (shaded se- 
quences), and two disulfide crosslinks (darker 
shading), as suggested by homology modeling 
of IL-15 with the crystal structure of IL-2 as 
template with use of the FOLDER program (9) 
The sequence of simian IL-15 has been sub- 
mitted to GenBank-EMBL (accession number 
U03099). Single-letter abbreviations for the 
amino acid residues are as follows: A Ala- C 
Cys: D. Asp: E. Glu; F. Phe; G. Gly: H. His; l/lle' 
K. Lys: U Leu; M. Mel; N. Asn; P. Pro; Q, Gin- S 
Ser;T.Thr;V.Val;W,Trp:andY,Tyr. ' ' 
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Cys'^^-Cys**, is analogous to the only disulfi' 
in IL-2. 

Nortliem (RNA) blot analysis of a variety 
of human cell lines identified the IMTLH 
bone marrow stromal cell line as a source of 
human IL-15. The simian-derived cDNA was 
used to probe an IMTLH cDNA library. A 
single hybridizing clone was isolated that 
shares 97% sequence identity in the coding 
region with the simian IL-15 cDNA. The 
human ILrl5 cDNA contains a 316-bp 5' 
noncoding region preceding an open reading 
frame of 486 bp and a 400-bp 3' noncoding 
region. 

Expression of IL-15 mRNA was detected 
by Northern blot analysis of several human 
tissues. IL-15 mRNA was most abundant in 
placenta and skeletal muscle (Fig. 2A), 
with detectable levels in heart, lung, liver, 
and kidney. The best sources of IL-15 
mRNA so far observed have been adherent 
peripheral blood mononuclear cells [mono- 
cyte enriched (PBMCs)] and epithelial and 
fibroblast cell lines such as CV-l/EBNA 
and IMTLH. Freshly isolated, uncultured 
PBMCi (Fig. 2B) also express very low 
levels of IL-15 mRNA. Activated peripher- 
al blood T cells (PBTs). a rich source of 



IL-2 and IFN-7 mRNA, express no detect- 
able IL-15 mRNA, nor do B lymphoblas- 
toid cell lines such as MP-1. 

Simian IL-15 was expressed in yeast 
firom a cDNA in which the 5' untranslated 
sequences and the 48-amino acid leader 
sequence had been removed. Purified re- 
combinant simian IL-15 stimulated the pro- 
liferation of CTLL cells (Fig. 3 A) and also 
phytohemagglutinin (PHA) -activated PBTs 
(Fig. 3B), in each case to the same extent 
and with similar potency as IL-2. Both the 
004**" and CD8+ subsets of PBTs responded 
to IL-15 after activation with PHA (Fig. 3, 
C and D). IL-15 was also found to stimulate 
the proliferation of murine antigen-specific 
T cell clones, including helper and cytotoxic 
clones (10). 

In addition to stimulating the prolifer- 
ation of CTLL cells and PBTs, IL-IS, like 
IL-2, induces the generation of cytolytic 
effector cells in vitro (Fig. 4 A) . The pri- 
mary in vitro induction of alloantigen- 
specific cytotoxic T lymphocytes (CTTLs) 
was measured in mixed leukocyte cultures. 
Non-antigen-specific lymphokine-activat- 
ed killer (LAK) cells were generated in 
syngeneic cultures of PBMCs- IL-15 was at 



B 



Fig. 2. Northern analysis of human cells and 
tissues for IL-15 mRNA. Northern blots contain- 
ing polyadenylated RNAs were hybridized with 
an antisense probe made by transcription of a 
human IL-15 cDNA (19). (A) Human tissue blot 
(Cionlech. Palo Alto. California). Molecular siz- 
es are indicated on the left (In kilobases). (B) 
Blot containing RNA from CV-l/EBNA cells 
(simian) and human cells including IMTLH 
cells, a cell line derived from human bone 
marrow stromal cell culture transformed with 
pSV3Neo; PBM. adherent peripheral blood 
mononuclear cells greatly enriched for mono- 
cytes, cultured for 4 hours in lipopolysaccharide; PBT (E-rosetted) stimulated for 4 hours with 
lonomycin and PMA; PBMC. freshly isolated uncultured peripheral blood mononuclear cells; and 
MP-1 , an EBV-transformed B lymphoblastold cell line. Cross-hybridization of the IL-15 probe is also 
seen to 28S ribosomal RNA. 
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FIfl. 3. Regulation of proliferation 
by IL-15. Purified recombinant 
simian IL-15 {20) was compared 
to human recombinant IL-2 (Ce- 
tus Oncology Corporation, Em- 
eryville, California), at various 
concentrations, for induction of 
proliferation of murine CTLL cells 
(A) or of PHA-activated human 
peripheral blood T lymphocytes 
and their derivative CDA* and 
CD8+ subsets (B through D) {15). 
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least as potent and effective as IL-2 i' 
these assays. 

The similar biological properties of IL- 
15 and IL-2 suggested that IL-15 might 
function by inducing the production of IL-2 
or by using the same receptor. A neutraliz- 
ing antibody to IL-2 did not inhibit the 
induction of LAK cells by IL-15 (Fig. 4B), 
indicating that IL-15 probably does not 
function in this assay by inducing IL-2. 
Furthermore, an antibody to IL-2Ra (anti- 
IL-2Ra) (2A3) failed to inhibit IL-15- 
induced proliferation of PHA-activated 



Fig. 4. Inhibition of IL- 
15 biological activities 
by antibodies to IL- 
2Rp. (A) Cytolytic activ- 
ity (lytic units) from hu- 
man mixed leukocyte 
cultures (CTL) or syn- 
geneic cultures (LAK) 
containing various con- 
centrations of cytokine 
was measured (P7) 
against either the spe- 
cific allogeneic target 
cell (CTL) or against the 
Daudi lymphoblastoid 
cell line OlAK). (B) Cy- 
tolytic activity from cul- 
tures parallel to those in 
(A) containing Mik^1 
anti-IL-2Rp (10 jig/ml) 
or sheep anti-IL-2 (100 
|jLg/ml) in the presence 



BMCs (PHA-PBMCs). aldiough this an- 
tibody inhibited IL-2-induced praliferation 
(Fig. 4C). This is further evidence that 
IL-15 can function in the absence of lL-2. 
The antibody to IL-2 did, however, inhibit 
induction of CTLs by IL-15 from resting 
PBMCDs, indicating diat under these condi- 
tions IL-15 either induces IL-2 or synergizes 
with the low level of endogenously pro- 
duced IL-2 to induce functional T cells. 

To further compare IL-2 and IL-15, we 
examined the binding of radiolabeled IL-2 
and IL-15 to PHA-activated PBMa (Fig. 
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of either IL-2 or IL-15 (10 ng/mO. (C) ProlHeratbn of PHA-stlmulated PBMCs {16) recultured with the 
indicated antibodies to iL-2Rp (each at 10 M-g/ml), Mil<pi. TU27. and TU11 (22), or to IL-2Rct, 2A3 
(22), in the presence of IL-2 (top y axis) or IL-15 (bottom y axis) (each at 3 ng/ml). *The mean is 
different than "none" at the 0.05 level according to Dunnetfs procedure for comparing several 
Ireatnrjents with a control [23), The data represent the means of four replicate cultures, and the 
experiment shown is representative of at least five experiments using these and other antitxxJies to 
IL-2Rp. (D) Proliferation of C7LL cells cultured with various concentrations of anti-iL-2Rp (Pharmin- 
gen. San Diego, California) In the presence of IL-2 or IL-1 5 (each at 0,1 ng/ml). The response of the 
CTLL cells to IL-4 was unaffected by this antibody. Shaded bars, IL-2: hatched bars. IL-15. 



Hgl 5. (left) Compari- 
son of i25|.iL.i5 and 
^»l-IL-2 binding to 
PHA-activated PBI^Cs 
{24), Scatchard repre- 
sentation of the binding « 
data Fig. 6. (top, ? 
right) Inhibition of ^^1- £ 
IL-2 binding to YT cells S 
by IL-15. Binding of ra- i 
diolabeled IL-2 to YT " 
cells {25) was canied 
out in the presence of 
increasing concentra- 
tions of unlabeled IL- 
1 5. Cells were first incu- 
bated with the 2A3 an- 
tibody to lL-2Ra for 60 

min. 4**C at 40 jig/ml. ^^\-\L'2 was used at a concentration of 
5 X 1 0-1° M. Rg. 7. (bottom, right) 32D cells respond to 
IL-2 but not to IL-15. 32D cells were cultured at 50,000 ceils 
per culture in the presence of various concentrations of IL-2 
or IL-15. 
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5). ^I^rd analysis indicated that IL-2 
binding to these cells shows the well-known 

two classes of high- |dissociatlon constant 
{KJ = 1.48 X 10- M) and low-affinity 
receptors, but IL-15 appears to have only a 
single high-affinity [K^ = 2.5 x IQ-^* M| 
binding site. The number of IL-15 receptors 
per cell is very similar to the number of 
high-affinity IL-2 receptors (573 and 426 
sites per cell, respectively). To test whether 
subunits of IL-2R might participate in IL-15 
binding, we measured the ability of IL-15 to 
inhibit binding of radiolabeled IL-2 to re- 
ceptors on the human YT cell line (II). 
The YT cell line was chosen because of the 
low expression of IL-2Ra on these cells. 
IL-15 very effectively competes with IL-2 
for binding to YT cells (Fig. 6), suggesting 
that IL-2 and IL-15 share common binding 
sites on these cells. IL-1 and IL-4, both of 
which bind to their own sites on YT cells, 
failed to compete for IL-2 binding. Experi- 
ments with blocking monoclonal antibodies 
confirmed the participation of IL-2R chains 
in IL-15 binding and function. Whereas the 
anti-IL-2Ra did not inhibit IL-15-induced 
proliferation of T cells, antibodies to IL- 
2R3 inhibited all activities of IL-15, in- 
cluding the generation of LAK cells and 
CTLs (Fig, 4B) and the proliferation of 
PHA-PBMCs (Fig. 4C) and CTLL cells 
(Fig. 4D)* Antibodies to IL-2RP, such as 
TU27, have been shown to neutralize IL- 
2-dependent T cell proliferation (such as in 
Fig, 4C) only when combined with anti- 
IL-2Ra (12), These antibodies to IL-2Rp 
consistently inhibit IL-15 more effi^ctively 
than they inhibit IL-2. In fact, even anti- 
bodies like TXJll, which do not inhibit 
IL-2 under any circumstances (13), will 
inhibit IL-15, suggesting that IL-15 binds to 
1L-2RP differendy than does IL.2. These 
data confirm that stimulation by IL-15 re- 
quires interaction of IL-15 with compo- 
nents of IL-2R, including IL-2RP and prob- 
ably IL.2R-Y, but not IL-2Ra. 

Although some activities are shared by 
IL-2 and IL-15, there are also differences 
between the biological effects of the two 
cytokines. For example, the IL-3-depen- 
dent cell line, 32D (14) ^ expresses the 
complete IL-2R and proliferates vigorously 
in response to IL-2, but responded poorly or 
not at all to IL-15 (Fig. 7). These data 
suggest that IL-15 may use another receptor 
component not shared by IL-2R and not 
expressed by 3 2D cells. Thus, there are 
likely to be biological activities of IL-15 not 
shared by IL-2. 
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20. A PCR-generated DNA fragment, containing the 
simian IL-15 coding region minus the 48-amino 
acid leader sequence, was Ilgated into a yeast 
expression vector that directs secretion of the 
recombinant protein into the yeast medium N. 
Price et at.. Gene 56, 287 (1987)]. Recombinant 
IL-15 was purified from the yeast supernatant as 
described above for the CV-1-derived IL-15 pro- 
tein, excluding ultrafiUrafion and ion exchange. 
The purity and concentration of IL-15 were con- 
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firmed by amino acid analysis, 

21. Human PBMCs from one donor (5 x 10^ per 
culture) were cultured with irradiated PBMCs (5 x 
10^ per culture) from either an allogeneic donor 
(CTL) or from the autologous donor (LAK) In 
cultures containing various concentrations of ei- 
ther IL-2 or IL-15, or no cytokine. Cultures were 
done as described [M. B. Widmer et a!., J. Exp. 
Med. 166, 1 447 (1 987)] and han^ested after 6 days 
(LAK) or 7 days {CTL) and assayed for cytolytic 
activity against siCr-labeled targets. The lysis as- 
say contained various numbers of the responding 
peripheral blood lymphocytes cultured vwth 1000 
labeled targets in 200 (il of medium in V-bottomed 
wells, and supernatants were collected after 4 
hours of incubation. Lytic units were calculated as 
the inverse of the fraction of the responding culture 
required to generate 50% (CTL) or 30% (LAK) of 
the maximum specific ^^Cr release. 

22. Mikpi was purchased from Nichlrel Corp.. Tokyo. 
Japan; TU11 and TU27 were provided by K. 
Sugamura, Sendai, Japan: 2A3 was produced at 
Immunex. 

23. C. W. Dunnett, J. Am. Stat. Assoc. 50. 1096 
(1955). 



Activated PBMCs {16) were incutaated for 2 hours 
in medium without PHA or growth factors. IL-15 
and IL-2 binding were carried out at 4"C for 60 
min In RPMI 1640 containing 3% bovine serum 
albumin and 0.1% NaNOg. IL-2 and IL-15 were 
radiolabeled as described [L Park et a!., J. Blot. 
Chem. 261, 4177 (1986)] and retained biological 
activity. Preliminary experiments established that 
equilibrium binding was obtained under these 
conditions (J. Giri and M. Ahdieh, personal com- 
munication). 

25. YT cells used are a subclone of the human NK-Ilke 
YT cell line and were provided by M. Caligluri, 
Roswell Park fy/lemorial Institute, Buffalo. NY, 

26. We thank S. D. Lupton and R. J. Tushinski for the 
IMTLH cell line, M. R. Comeau and D, P. Gearing 
for the IMTLH cDNA library. T. Holllngsworth for 
DNA sequence analysis, C. J. March and M. 
Gerhart for protein sequence analysis, R, Jerzy for 
the cDNA cloning plasmld. J. King for the yeast 
expression constaict, T. W. Tough and L Erlck- 
son for technical assistance, and M. B. Widmer 
and M. K. Spriggs for reviewing the manuscript. 
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Enhancer Point Mutation Results in a Homeotic 
Transformation in Drosophila 

Mary Jane Shimell, Jeffrey Simon, Welcome Bender, 
Michael B. O'Connor* 

In Drosophila, the misexpression or altered activity of genes from the bithorax complex 
results in homeotic transformations. One of these genes, abd-A^ normally specifies the 
identity of the second through fourth abdominal segments (A2 to A4). In the dominant 
Hyperabdominal mutations {Hab), portions of the third thoracic segment (T3) are trans- 
formed toward A2 as the result of ectopic abd-A expression. Sequence analysis and 
deoxyribonuclease I footprinting demonstrate that the misexpression of abd-A in two 
independent Hab mutations results from the same single base change in a binding site for 
the gap gene Kri/ppe/protein. These results establish that the spatial limits of the homeotic 
genes are directly regulated by gap gene products. 



The establishment of correct segmental 
identity in Drosophila melcmogaster requires 
the proper function and expression of genes 
located in the antennapedia and bithorax 
complexes (reviewed in (1-3)]. In the bitho- 
rax complex, loss-of-function mutations typ- 
ically result in transformations of posterior 
segments toward more anterior fetes, where- 
as the ectopic activation of homeotic genes 
along the anterior-posterior axis produces 
dominant, gain-of-fiinction phenotypes in 
which anterior segments are transformed 
toward more posterior identities (4-8) . The 
initial activation of homeotic gene expres- 
sion appears to be regulated by the segmen- 
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tation gene products (9-15). For example, 
mutations in the gap gene hunchback {hb) 
result in an anterior shift of Ubx expression 
(J2), whereas mutations in Kruppel, knirpSt 
and gfant cause ectopic activation of Abd-B 
(13-16). In several cases, incomplete ho- 
meotic regulatory elements containing hh 
binding sites have been shown to confer 
spatially restricted patterns of gene expres- 
sion when positioned next to a LacZ reporter 
gene (9-1 1). However, as a result of the 
large size of homeotic regulatory regions (50 
to 100 kb), the precise roles of these indi- 
vidual elements within the coiuext of a 
complete regulatory domain has remained 
elusive. 

We have studied the Hab-1 and 
mutations, two gain-of-function alleles that 
ectopically express the abd-A protein 
(ABD-A). The Hab^l and Hab-2 alleles 
were discovered by E. B. Lewis and I. 
Dimcan, respectively, and Lewis has pro- 
posed that they likely affect a homeotic 
regulatory element (4, 15). The Hab muta- 
tions cause dominant transformations of 
portions of T3 toward A2 as a result of 
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